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In t roduct ion  

Recent work by Mi tche l l  and co-workers [1 ,2 ,3]  on a novel 
en t ra ined  flow r e a c t o r  has demonstrated the f e a s i b i l i t y  of e x t r a c t i n g  
k i n e t i c  r a t e  parameters  from the simultaneous measurement of the 
temperature ,  diameter  and v e l o c i t y  of ind iv idua l  coa l  p a r t i c l e s .  
These r a t e  parameters a r e  obtained by solving the conservat ion 
equat ions  f o r  a coa l  p a r t i c l e  a s  it burns i n  a laminar, coflowing gas 
stream. In t h i s  a n a l y s i s ,  assumptions m u s t  be made about the 
d e v o l a t i l i z a t i o n  processes  which occur during p a r t i c l e  heatup. 
S p e c i f i c a l l y ,  t h e  char  dens i ty ,  ash composition and heat  ga in  of the 
p a r t i c l e  due to  homogeneous combustion of v o l a t i l e s  become parameters 
i n  the r e a c t o r  model t h a t  depend on the parent  coa l .  

In  t h i s  work, t h e  en t ra ined  flow r e a c t o r  is used to  i n v e s t i g a t e  
t h e  combustion of Saran char ,  a very low ash ,  high sur face  a r e a ,  
amorphous carbon. The highly i r r e g u l a r  Saran char p a r t i c l e s  o f f e r  a 
c o a l  analog without  the complicating e f f e c t s  assoc ia ted  with 
d e v o l a t i l i z a t i o n  and c a t a l y t i c  impur i t ies .  We r e p o r t  o v e r a l l  p a r t i c l e  
burning r a t e s ,  apparent  r a t e  c o e f f i c i e n t s ,  and the apparent  reac t ion  
order  with r e s p e c t  to oxygen. 

Experimental Procedure 

The combustion of Saran char p a r t i c l e s  is followed i n  a 
t r a n s p a r e n t ,  r e c t a n g u l a r ,  en t ra ined  flow reac tor  which is descr ibed in 
d e t a i l  e lsewhere [4]. B r i e f l y ,  the p a r t i c l e s  a r e  en t ra ined  i n  a cold 
N stream and a r e  then i n j e c t e d  along the c e n t e r l i n e  a t  the  base of 
t ie 40 c m  high r e a c t o r .  
t h e i r  presence has no inf luence on the  free-s t ream gas p r o p e r t i e s .  A 
two-color pyrometer is used to  measure the  temperature of the burning 
p a r t i c l e s  a t  d i s c r e t e  heights  i n  the r e a c t o r .  As the  p a r t i c l e  
t r a v e r s e s  the f o c a l  volume of the c o l l e c t i o n  o p t i c s ,  the r a d i a n t  
emission passes through two d i f f e r e n t  s ized sl i ts .  The f i r s t  s l i t  is 
wider (1000 um) than the  diameter of the l a r g e s t  p a r t i c l e  and the 
second 'is narrower (45 um) than the diameter of the smal les t  p a r t i c l e .  
The r a t i o  of the  i n t e n s i t y  of the r a d i a n t  emission measured in the  
f i r s t  s l i t  to  t h a t  measured i n  the second s l i t  is d i r e c t l y  
propor t iona l  t o  t h e  diameter of the p a r t i c l e .  The temperature 
measurements a r e  c a l i b r a t e d  with a tungsten s t r i p  lamp; the s i z e  
measurements are c a l i b r a t e d  by comparison with the s i z e  d i s t r i b u t i o n  
of Well-character ized Spherocarb p a r t i c l e s .  The p a r t i c l e  temperatures 
measured i n  t h i s  work ranged from 1440 +20 K in 12 kPa 0 to  2100 +150 
K i n  36 kPa 02. The measured p a r t i c l e  diameters ranged $,om 80 to  170 

P a r t i c l e  loadings a r e  kept  low to insure  t h a t  
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U m  which corresponds w e l l  with the -100/+170 mesh (90-150 vm) 
p a r t i c l e s  used to  feed the reac tor .  The v e l o c i t y  of each p a r t i c l e  i s  
determined by measuring the time i t  takes  the p a r t i c l e  to  t r a v e r s e  the 
l a r g e  s l i t .  The p a r t i c l e  v e l o c i t i e s  measured i n  t h i s  work ranged from 
2 - 4 0  t o  3.10 (20.05) m / s  depending on the  gas temperature. 

TO reduce the inf luence  of spurious s i g n a l s ,  200 t o  300 p a r t i c l e s  
were monitored a t  each he ight  and the p a r t i c l e s  were grouped in bins 
approximately 10 v m  a p a r t ,  based on t h e i r  measured diameter. I n  t h i s  
paper ,  a measured p a r t i c l e  diameter r e f e r s  t o  the  diameter a t  the  
c e n t e r  of a bin conta in ing  a t  l e a s t  10 p a r t i c l e s .  A measured p a r t i c l e  
temperature or v e l o c i t y  r e f e r s  t o  the  average temperature or Veloc i ty  
f o r  a l l  of the p a r t i c l e s  i n  a given bin.  

A hot ,  one-dimensional, laminar oxid iz ing  gas environment i s  
generated by a 5 cm x 5 c m  a r r a y  of 0 . 2  c m  diameter  C H 4 / H 2 / 0 2 / N 2  
d i f f u s i o n  f lamele ts .  The t o t a l  pressure i n  the r e a c t o r  1s c o n s t a n t  
and equal  t o  101 kPa. Post  flame 0 p a r t i a l  pressures  from 3 t o  36 
kPa and gas temperatures from 1400 $0 1900 K a r e  a t t a i n e d  by c a r e f u l  
c o n t r o l  of the i n l e t  gas mixture. During a n a l y s i s  of the experimental  
d a t a ,  we found t h a t  Saran char had a n e g l i g i b l e  burning rate i n  3 and 
6 kPa 0 environments. Therefore, i n  the  remainder of t h i s  paper ,  w e  
only present  data  obtained a t  12 ,  2 4 ,  and 36 kPa 02.  
flame p a r t i a l  p resures  of H20 and C02 a r e  16 and 2 kPa, r e s p e c t i v e l y .  

measurements using a Pt-$t/l3%Rh thermocouple. 
t h e  r e a c t o r  can be modeled as,  

2 Typical  p o s t  

Gas temperatures, T , a r e  determined from radia t ion-cor rec ted  
The gas v e l o c i t y  i n  

where z i s  the he ight  i n  the r e a c t o r ,  C 
f i t  t o  the data  f o r  each gas condi t ion , land  the  two T 
account  f o r  the inf luence  of T 
r e p r e s e n t s  the s o l u t i o n  of thegconservat ion equat ion  governing one- 
dimensional flow in a square condui t ,  assuming t h a t  the boundary l a y e r  
a long each wal l  develops independently and t h a t  the f r a c t i o n  of the 
t o t a l  mass flowing i n  the boundary layer  is propor t iona l  t o  the 
boundary layer  th ickness .  C and C a r e  chosen to  give the  b e s t  f i t  
between the measured p a r t i c l e  v e l o c i t i e s  and the  p a r t i c l e  v e l o c i t i e s  
c a l c u l a t e d  by so lv ing  the p a r t i c l e  momentum balance ( see  Eqn. (3)  
below). An important i m p l i c i t  assumption i n  t h i s  a n a l y s i s  is t h a t  the  
d e n s i t y  of the p a r t i c l e s  a r e  approximately independent of burning 
time. This assumption is c o n s i s t e n t  with the results of the k i n e t i c  
a n a l y s i s  discussed below. 

and C a r e  co8s&gnts t h a t  a r e  
terms 2 

on the  gas  v i s c o s i t y . g  Eqn. (1) 

1 

The Saran char  is mahe by hea t ing  Saran co-polymer ( suppl ied  by 
t h e  Dow Chemical Company) to  1300 K i n  flowing N2 f o r  three hours. The 
e x a c t  procedure used t o  manufacture the Saran char  is descr ibed 
elsewhere [ 5 ] .  Saran char  contains  no v o l a t i l e s  and approximately 0.5 
w t %  ash.  I t s  apparent  bulk dens i ty  is 0.35 g/ml and i t s  t o t a l  s u r f a c e  

13 



2 
a r e a  is 1260 m /g, as determined by C02 adsorp t ion  a t  298 K analyzed 
using the  Dubinin-Radushkevich isotherm. The only impur i t ies  detected 
by Proton Induced X-ray Emission Spectroscopy (PIXE) a r e  2300 ppm C1, 
22-30 ppm T i ,  10 ppm Fe, 7.2 ppm Cu, 1 ppm Zr, and 1 ppm Re. 

Theory 

The equat ions  used t o  fol low the  mass, v e l o c i t y  and temperature 
of a p a r t i c l e  a s  i t  burns in  the laminar flow r e a c t o r  are given below: 

dv 
P mv - = -mg - 3rrud ( v  - v ) 

P dz P P  g 
( 3 )  

(4)  
4 

-mv C dT Zk(T - 
P P + p p H =  T g ) + ~ o  ( T 4 - T w )  

d P P  P 
2 dz 
P 

nd 

The momentum equat ion  (Eqn. (3)) accounts  f o r  g r a v i t a t i o n a l  and Stokes 
f o r c e s  and the  energy balance (Eqn. (4)) accounts  f o r  t h e  thermal 
i n e r t i a  of the  p a r t i c l e ,  the hea t  of r e a c t i o n ,  gas  phase conduction, 
and r a d i a t i o n .  The mass, m ,  of the char particle is determined from 
i t s  apparent  d e n s i t y  and diameter ,  d . The p a r t i c l e  v e l o c i t y  is v 
and p is the p a r t i c l e  burning rate pkr u n i t  e x t e r n a l  s u r f a c e  area. 
The v e l o c i t y  of the gas is given by v and g is the g r a v i t a t i o n a l  
c o n s t a n t .  The h e a t  c a p a c i t y  of the  p a % t i c l e ,  C , is taken t o  be t h a t  
of graphi te  and the phys ica l  p roper t ies  of NZ,'the major component i n  
t h e  gas  s t ream, a r e  used f o r  the free-s t ream gas proper t ies .  The 
v i s c o s i t y ,  u, and thermal conduct iv i ty ,  k, of the  gas are evaluated a t  
t h e  mean temperature  (T ) between t h e  gas  and p a r t i c l e  temperatures. 
The temperatures  of t h e m p a r t i c l e ,  the gas ,  and the  medium t o  which the 
p a r t i c l e  r a d i a t e s  a r e  given by T , T 
The Stefan-Boltzmann cons tan t  is'dengted by u, and E denotes  the 
p a r t i c l e  e m i s s i v i t y  ( taken as 0.85). 
carbon consumed, H ,  is ca lcu la ted  assuming t h a t  CO i s  the primary 
combustion product .  

P 

and Tw (500 K ) ,  r e s p e c t i v e l y .  

The h e a t  releaged per  gram of 

The o v e r a l l  burning r a t e  of the  p a r t i c l e  is descr ibed by: 

where P and P a r e  t h e  oxygen p a r t i a l  p ressures  i n  the bulk  stream 
and a t  %he s u r f a c e  of the p a r t i c l e ,  r e s p e c t i v e l y ,  ks end k a r e  the d chemical r a t e  and d i f f u s i o n  c o e f f i c i e n t s ,  r e s p e c t i v e l y ,  and n is the 
apparent  oxygen r e a c t i o n  order .  The chemical r e a c t i o n  rate 
c o e f f i c i e n t  inc ludes  cont r ibu t ions  from i n t r a p a r t i c l e  d i f f u s i o n  
l i m i t a t i o n s  and the  i n t r i n s i c  r e a c t i v i t y  of the Saran p a r t i c l e .  In 
t h e  Arrhenius form, k, is given a s ,  
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where A is the preexponent ia l  f a c t o r ,  E i s  the a c t i v a t i o n  energy, and 
R i s  the universa l  gas cons tan t .  The e x t e r n a l  d i f f u s i o n  r a t e  
c o e f f i c i e n t  is given by: 

2McDox k =- 
d R T d  ' m e  

(7) 

where M 
c o e f f i c t e n t  of oxygen evaluated a t  T 

is the molecular weight of carbon and Dox is the  d i f f u s i o n  

m'  
The computational scheme employed t o  o b t a i n  t h e  o v e r a l l  p a r t i c l e  

burning r a t e  parameters ,  A ,  E ,  and n ,  is i n i t i a t e d  by s e t t i n g  dT /dz 
equal  t o  zero i n  Eqn. (4)  and then using the measured d 
c a l c u l a t e  p .  Using Eqns. ( 5 )  and ( 7 ) ,  Ps can be ca lcu lg ted  frga P .  
The r a t e  parameters a r e  then obtained from Eqns. ( 5 )  and ( 6 )  by 
f i t t i n g  T and P t o  the  ca lcu la ted  r a t e  using a l i n e a r  leas t - squares  
r o u t i n e .  PThese $arameter values  are used a s  the  f i r s t  guess i n  the  
numerical i n t e g r a t i o n  of Eqns. (Z), (3) and ( 4 ) ,  where p is obtained 
from an i m p l i c i t  expression which is independent of P by 
rearrangement of Eqn. ( 5 ) .  
p r o f i l e .  The i n i t i a l  condi t ions  used f o r  the i n t e g r a t i o n  a r e  T 
K and v 
t o  190!~$) in 5 pm i n t e r v a l s  is used. When t h e  i n t e g r a t i o n  reaches a 
he ight  (z )  where experimental  measurements have been taken,  the  
c a l c u l a t e d  r e l a t i o n s h i p  between dT /dz and d is used t o  f i n d  dT /dz 
f o r  each measured p a r t i c l e  s i z e .  
Eqn. (4)  t o  obta in  a new p ,  from which updated v a l e e s  of the  k i n e t i c  
parameters a r e  obtained for the  next  numerical i n t e g r a t i o n .  
Successive i t e r a t i o n s  of t h i s  s t r a t e g y  are used t o  converge on the  
r a t e  parameter va lues  t h a t  b e s t  descr ibe  the behavior of t h e  Saran 
p a r t i c l e s .  The q u a l i t y  of f i t  can be judged from the  agreement 
between the c a l c u l a t e d  and measured T a s  a f u n c t i o n  of d . Both 
cons tan t  dens i ty  and cons tan t  diametet  burning a r e  considgred a s  
l i m i t i n g  cases f o r  e f fec t iveness  f a c t o r s  of approximately zero  and one 
respec t ive ly .  The p a r t i c l e  i g n i t i o n  temperature is taken as 1000 K 
below which the p a r t i c l e  burning r a t e  i s  s e t  equal  t o  zero.  Changing 
t h e  i g n i t i o n  temperature from 300 K t o  1100 K does n o t  a f f e c t  the 
r e s u l t s  of t h i s  a n a l y s i s .  

Resul ts  and Discussion 

and T eo 

The i n t e g r a t i o n  employs &e measured T 
= 500 

= 0.3 m / s .  A range of i n i t i a l  particle diameters  (frog 90 P m  

Phis  measufed dT /dz is then uged i n  

-- 
Equations ( 2 ) ,  (3) and ( 4 )  can be solved t o  c a l c u l a t e  the 

predicted r e l a t i o n s h i p  between p a r t i c l e  temperature and s i z e  f o r  a 
given gas environment. For the  12 kPa 0 
temperature less than 1700 K and i n  a l l  
kPa, the measured p a r t i c l e  temperatures 
t o  zero. This is in d i r e c t  c o n t r a s t  to  the burning c h a r a c t e r i s t i c s  of 
an hvb-bituminous c o a l  observed by Mitchel l  and co-workers [Z], which 
exhib i ted  apprec iab le  r e a c t i o n  rates in O2 environments a s  low a s  3 
kPa. This may be a t t r i b u t e d  t o  two f a c t o r s :  (1) the  homogeneous 
combustion of the v o l a t i l e  matter (33% by weight) i n  the  coal 
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increases  the temperature  of the  r e s u l t i n g  char  and (2) the c a t a l y t i c  
p r o p e r t i e s  of t h e  a s h  (21% by weight) increase  the burning r a t e  of the 
char. 

1.f t h e  measured p a r t i c l e  temperature does n o t  exceed the  
c a l c u l a t e d  zero-burning temperature by the approximate e r r o r  i n  our 
temperature measurement (+20-150 K ) ,  w e  can n o t  c a l c u l a t e  a 
s t a t i s t i c a l l y  s i g n i € i c a n t  burning r a t e .  Defining x as the r a t i o  of 
t h e  c a l c u l a t e d  burning r a t e  to  the d i f fus ion- l imi ted  burning rate 
(x=p/kd pg) ,  w e  observed t h a t  the d i f f e r e n c e  i n  p a r t i c l e  temperature 
between x s of 0 . 0  and 0.1 approximately corresponds to  the error in  
t h e  measured p a r t i c l e  temperature. Therefore ,  no measurements which 
give a x below 0.1 are considered i n  t h e  de te rmina t ion  of t h e  r a t e  
c o e f f i c i e n t s  and oxygen r e a c t l o n  order .  For the  condi t ions  of these 
experiments, va lues  of x ranged from 0.1 t o  0.6 which indicates t h a t  
the  o v e r a l l  burning r a t e  has a high s e n s i t i v i t y  t o  t h e  k i n e t i c  r a t e .  

For a n  0 pa r t i a l  pressure  of 36 kPa, 100 pm p a r t i c l e s  a r e  
predicted to  Burn o u t  a t  approximately 10 cm i n  the r e a c t o r ,  i f  
cons tan t  diameter  burning is assumed. This c o n t r a d i c t s  the 
experimental  observa t ion  of p a r t i c l e s  as small  a s  90 D m  a t  19 c m  in 
t h e  r e a c t o r .  While a cons tan t  diameter model may be more appl icable  
a t  lower 0 p r e s s u r e s ,  this model was n o t  used i n  our  a n a l y s i s  of the 
combustion k i n e t i c s .  An a n a l y s i s  incorpora t ing  an e f f e c t i v e n e s s  
f a c t o r  i n t o  the p a r t i c l e  burning r a t e  express ion  will be considered in  
f u t u r e  work. 

2 

Constant  d e n s i t y  burning g ives  good f i t s  t o  the experimental data  
a t  bulk oxygen pressures  of 12  and 24 kPa and poor f i t s  to the  36 kPa 
d a t a  (see Figures 1, 2 and 3) .  A l e a s t  squares  f i t  of the k i n e t i c  
r a t e  parameters and oxygen r e a c t i o a  order  t o  t h e  c a l c u l a t e d  r e a c t i o n  
r a t e s  a t  12, 24 and 36 kPa g ives  

-3 -27000 0.8 

P 
P = 6 . 3 ~ 1 0  e x p ( r )  Ps 

where R is given i n  cal/mol K and P is given i n  Pa. An Arrhenius 
p l o t  of t h e  rate c o e f f i c i e n t ,  k , v t r s u s  1 / T  
4. 

is presented i n  Figure 
The r e l a t i o n s h i p  between (psk,) and P, is depic ted  i n  Figure 5. 

A poss ib le  reason  f o r  the  discrepancy between t h e  c a l c u l a t e d  and 
experimental  r a t e s  f o r  the  36 kPa da ta  s e t  is t h a t  the  s i m p l e  
d i f fus ion  model considered here  does n o t  account  f o r  the l a r g e  amount 
of CO which m u s t  d i f f u s e  o u t  of the p a r t i c l e  boundary layer  a t  higher 
burning r a t e s  ( S t e f a n  flow). We do note ,  however, t h a t  when the  36 
kPa data is analyzed a lone ,  the ca lcu la ted  r a t e s  f i t  the data  b e t t e r ,  
bu t  the a c t i v a t i o n  energy is lower ("17000 cal /mol)  which is 
i n d i c a t i v e  of i n t r a p a r t i c l e  d i f f u s i o n  l i m i t a t i o n s .  
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Figure 2 .  P a r t i c l e  temperature versus diameter as a 

oxygen pressure i s  24 kPa. ( X  = 0 . 1 - 0 . 3 )  
funct ion  of height  in t h e  reac tor .  Free stream 

17 



t h e  purdue U n i v e r s i t y  Computing Center and was sponsored by the  Coal 
Research Center a t  Purdue Univers i ty .  B.J.W. acknowledges the  support  
provided by t h e  D.O.E. through Associated Western U n i v e r s i t i e s .  

References 

1. M i t c h e l l ,  R.E., Tichenor,  D.A. and Hencken, K . R . ,  Proceedings of 
t h e  1985 I n t e r n a t i o n a l  Conference on Coal Science,  I n t e r n a t i o n a l  
Energy Agency, 1985, p.375. 
-- 

2 .  M i t c h e l l ,  R.E. ,  Tichenor,  D.A.  and Hencken, K . R . ,  Second Annual 
P i t t s b u r g h  Coal Conference Proceedings,  P i t t s b u r g h ,  Sept .  16-20, 
1985, p.648. 

3. Tichenor,  D.A., Mitchell,,  R.E.,  Hencken, K . R . .  and Niksa, S. 
Twentieth Symposium (g.) Combustion, Ann Arbor, Aug. 1 2 - 1  
1984. 
-~ 

4. Hardesty,  D.R., Pohl ,  J .A.  and Stark, A.H. ,  Sandia Report 
SAND78-8234, Sandia Nat iona l  Labora tor ies ,  Livermore, CA, 1978 

5. Waters, B.J., M.S. Thes is ,  Purdue U n i v e r s i t y ,  1985. 

2,400 

2,200 

2,000 

1,800 
r - 2,200 

+" 2,000 

x 

1,800 

19.05crn, 1577K 

2,000 

1,800 

6 0  80 100 120 140 IGO 180 200 

d p  ,(PI31 

Figure 3. Par t ic le  temperature versus diameter a s  a 
function of height i n  the reactor .  Free stream 

oxygen pressure is 36 kPa. ( x  = 0.3-0.6) 
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Figure 4. Temperature dependence of k . 
Free stream oxygen: 0 - 36 kPa; + - 24 kPa;sX - 12 kPa. 
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Figure 5 .  Surface oxygen pressure dependence of -. 
Free stream oxygen: 0 - 36 kYa; I- - 24 kPa; X - 13 kPa. 

P 
k 

19 


